Chemosignals play a crucial role in social and sexual communication among inter-and intra-species. Chemical cues are bound with protein that is present in the pheromones irrespective of sex are commonly called as pheromone binding protein (PBP). In rats, the pheromone compounds are bound with low molecular lipocalin protein a 2u -globulin (a2u). We reported farnesol is a natural endogenous ligand (compound) present in rat preputial gland as a bound volatile compound. In the present study, an attempt has been made through computational method to evaluating the binding efficiency of a2u with the natural ligand (farnesol) and standard fluorescent molecule (2-naphthol). The docking analysis revealed that the binding energy of farnesol and 2-naphthol was almost equal and likely to share some binding pocket of protein. Further, to extrapolate the results generated through computational approach, the a2u protein was purified and subjected to fluorescence titration and binding assay. The results showed that the farnesol is replaced by 2-naphthol with high hydrophobicity of TYR120 in binding sites of a2u providing an acceptable dissociation constant indicating the binding efficiency of a2u. The obtained results are in corroboration with the data made through computational approach. . The major functions of mammalian pheromones include sexual attraction, mounting 7 , mother-young interactions 8 , aggression and so on. Though a number of scent glands produce pheromones, the preputial gland is reported to be a major source of pheromone production 9 . In mice, the pheromone binding protein synthesized in the liver and released into the blood plasma and excreted through urine are called to major urinary protein (MUPs) or pheromone binding protein (PBP), while its equivalent protein in rats is referred as a2u 2 . This is also expressed in the urine and preputial gland of the rat. In male rats, the preputial glands are often better developed; in female similar gland is the clitoral gland. The preputial glandular activity has been documented through production of volatile compounds and sex associated proteins (18 kDa-a2u) which are testosterone dependent 10 . Among the exhaustively identified male pheromonal compounds in house mice, two sesquiterpenes from the preputial gland, (i.e.,) E-b-farnesene and E, E-a-farnesene, are excreted in the urine in order to communicate information about sex and dominance. In addition, these compounds also influence on estrus induction in grouped females 11 . Therefore, they would seem to carry information that leads to aggression when perceived by male mouse and to an attraction when perceived by females 12 . Farnesol has been identified as the major volatile compound in the preputial gland of albino rat 10,13 and detected the occurrence of a2u with its bound putative pheromones (i.e., Farnesol1 and 2) in the preputial gland of house rat 14 . The pheromonal compound farnesol identified in the preputial gland of a rat is found to attract the opposite sex very efficiently 15 . We have also recently demonstrated through calcium image analysis that an extract OPEN SUBJECT AREAS:
C hemical communication, a universal process of life, occurs at all levels of biological organization including the process of regulation of cells and organs within the body; they significantly influence the level of social behavior and ecological interactions among individuals 1 . The role of chemical molecules in mediating species-specific pheromonal communication is well documented in mammals including mouse 2 , rat 3 , bovine 4 , buffalo 5 , and human 6 . The major functions of mammalian pheromones include sexual attraction, mounting 7 , mother-young interactions 8 , aggression and so on. Though a number of scent glands produce pheromones, the preputial gland is reported to be a major source of pheromone production 9 . In mice, the pheromone binding protein synthesized in the liver and released into the blood plasma and excreted through urine are called to major urinary protein (MUPs) or pheromone binding protein (PBP), while its equivalent protein in rats is referred as a2u . This is also expressed in the urine and preputial gland of the rat. In male rats, the preputial glands are often better developed; in female similar gland is the clitoral gland. The preputial glandular activity has been documented through production of volatile compounds and sex associated proteins (18 kDa-a2u) which are testosterone dependent 10 . Among the exhaustively identified male pheromonal compounds in house mice, two sesquiterpenes from the preputial gland, (i.e.,) E-b-farnesene and E, E-a-farnesene, are excreted in the urine in order to communicate information about sex and dominance. In addition, these compounds also influence on estrus induction in grouped females 11 . Therefore, they would seem to carry information that leads to aggression when perceived by male mouse and to an attraction when perceived by females 12 . Farnesol has been identified as the major volatile compound in the preputial gland of albino rat 10, 13 and detected the occurrence of a2u with its bound putative pheromones (i.e., Farnesol1 and 2) in the preputial gland of house rat 14 . The pheromonal compound farnesol identified in the preputial gland of a rat is found to attract the opposite sex very efficiently 15 . We have also recently demonstrated through calcium image analysis that an extract of rat preputial gland is capable of activating the olfactory receptor neuron (ORN), confirming that preputial gland and so as expound with farnesol has shown to be a potent source of pheromone property 16 . Bocskei et al. 3 have reported the X-ray structure of a monoclinic crystal form of a2u (Protein data bank code [PDB]: 2a2u). The protein is a member of the lipocalin superfamily which is distinguished by an unusual tertiary structure motif that features an eight-stranded antiparallel b-barrel shape forming a hydrophobic pocket in the protein 17 . Many of these proteins, such as the retinol binding proteins, the odorant-binding proteins 18 , the major urinary protein (MUP) 19 and the retinol epididymal acid binding protein 20 contain a hydrophobic-binding site for small lipophilic ligands. It is significant to note that the mouse MUP which is identical to a2u, binds with the major signaling ligands such as 2-sec-butyl-4,5-dihydrothiazole and 3,4-dehydro-exo-brevicomin 21 . Subsequently, it is demonstrated that the fluorescent molecule 2-naphthol binds to the 2-Isobutyl-3-methoxypyrazine (iBMP) binding site of major urinary proteins with strong affinity 22 . Overall, these proteins can react with various volatile constituents of the male mouse urine and induce puberty acceleration in female 23 . In common house rat (Rattus rattus), the a2u also can binds with urinary pheromone compound in which 1-chlorodecane, a sex attractant compound, has been detected as the predominant bound compound 15 . The size of the ligand and its degree of flexibility can have a considerable influence on the ligand binding success 24 . The binding efficiency of a2u and its interaction with the natural ligand are not yet investigated.
In the study of macromolecules, an in silico approach like molecular docking may through more light on the molecular interaction between a2u with its natural ligand and the binding affinity score, interacting residues, intermolecular distance analysis which would ultimately lead to a better understating of receptor-ligand interaction.
In support of such bioinformatics approach, fluorescence measurements would provide information about emission, excitation state and dissociation constant for bound a2u with the fluorescent probe (2-naphthol). The study of a2u represents photo-physical properties of fluorescence molecules in a hydrophobic environment. Hence in the present study, fluorescence emission spectrum of 2-naphthol characterized by the two major states (emission and excitation) was fully exploited at buffer pH 7.2.
Therefore, it is important to evaluate the interaction between farnesol and 2-naphthol for a2u in order to obtain the binding affinity through docking analysis. Further, it is also necessary to investigate the binding affinity of 2-naphthol with bound a2u by fluorescence titration assay. The long-term objective is that the assessment of a2u and molecular interaction with ligand would enhance the longevity of a2u by protein engineering tool.
Results
Computational analysis. Computed atlas of surface topography of proteins analysis (CASTp). CASTp is a program performs automatic searching and measuring the surface binding pockets of desired proteins. This program was used to identify thirteen possible binding pockets in a2u (Fig. 1a) . The identified a2u pockets are extremely hydrophobic, with only a handful of polar atoms at the surface of the pocket. It includes a ten-stranded antiparallel b-sheet, which forms an eight-stranded b-barrel structure with both Nterminal and C-terminal extensions. Furthermore, the cavity within a2u is roughly spherical in shape. Pocket one; being the largest is shown with green colour (Fig. 1a) contains the most residues (Table 1) . Hence, our docking study focused on Pocket 1 of the chain B of 2a2u.
Molecular docking. We first docked farnesol with Pocket one of the protein shown as compound one in Fig. 1b . The conformation of the docked farnesol with the best fitness score was displayed as a balland-stick model. The detailed binding mode of farnesol with the protein distal pocket was composed by a number of hydrophobic residues including Val40, Met42, Phe54, Leu105, Phe90, Leu116, Val118 and Tyr120 (Fig. 1c) . The docking study of the proteinligand complex, when clustering of the conformations was performed, gave a low binding energy of 26.42 kcal/mol with a Cluster RMS score value of 1.26. A hydrogen bond interaction could be observed between farnesol and hydroxyl group of TYR120 (Fig. 2a) . Also, we docked 2-naphthol with a2u; the conformation of docked 2-naphthol got almost equal to farnesol. Indeed the 2-naphthol had 26.04 kcal/mol; a more efficient hydrogen bond interaction occurred between 2-naphthol with TYR120 residue of a2u (Fig. 2b) . Since, the preliminary computational results provided a strong binding interaction between a2u with farnesol and 2-naphthol. Further the experimental study is required to confirm the findings of this study.
Experimental analysis. Protein Purification. The 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyze the purity of the glandular protein. The rat preputial gland protein profiles revealed several proteins, in which low molecular mass of 18.54 kDa proteins was expressed predominantly and the molecular mass of the a2u commensurate with that of deduced PBPs (Fig. 3a) . Purified protein was used for further proteomics analysis.
MALDI-TOF/MS experiment. The purified protein appeared as a single band with a low molecular mass of 18.54 kDa. The highly expressed a2u proteins were excised and subjected to in-gel tryptic digestion. The high-quality of MALDI spectra was obtained for the 18.54 kDa protein (Fig. 3b) ; the observed and expected masses of spectrum are shown in Table 2 and the protein were determined as a2u by MALDI-TOF/MS. The a2u was confirmed by the maximum resemblance of this protein (accession number: Q9JJI2) with 50% sequence coverage (Fig. 3c) .
Fluorescence titration study. The emission and excitation states appeared in fluorescence titration assay in different concentration of protein ligand fluorescence titration. Two types of titration experiments (Inversed and Direct) were used to measure the concentration of the protein ligand fluorescence. The inverse titration meant a presence of standard ligand concentration to measure the function of protein concentration in the ligand fluorescence. The direct titration defines a standard protein concentration used to measure the various functions of ligand concentration. Both titrations exhibited emission, excitation peaks at 350 nm and 420 nm respectively. In the fluorescence titration study, the fluorescence intensity was measured in different concentrations of a2u (Viz., 2 mM,6 mM and 15 mM) against standard 25 mM 2-naphthol. The a2u concentration level decreased in inverse titration. The fluorescence emission also decreased at 360 nm and this was accompanied by an increase in fluorescence excitation at 420 nm (Fig. 4a) . During direct titration, the fluorescence intensity was analyzed in different concentrations (Viz., 1 mm, 3 mM, 6 mM and15 mM) of 2-naphthol with standard 24 mM a2u. The undissociated event was noticed in the emission state at 360 nm and the molecules dissociated into the excited state at 420 nm. The fluorescence intensity was vertically increased in the initial part of the titration at 350 nm, while was absent at 420 nm (Fig. 4b) . In addition, the fluorescence intensity ratio F/F0 measured (F means fluorescence intensity in the presence of farnesol and F0 represents the fluorescence intensity in the absence of farnesol) 22 . The results revealed that, there is an affinity between a2u and 2-naphthol as determined through the fluorescence titration confirming the binding of 2-naphthol in the same active sites of natural endogenous ligand. Therefore, 2-naphthol was displaced from the binding cavity of bound a2u while increasing the protein concentration at 360 nm in inverse titration.
Stern-volmer plot using KI quenching. The quenching experiments was applied to analyze the fluorescence intensity of bound a2u with 2-naphthol in emission excited state at 350 nm and 420 nm respectively. The potassium iodide (KI), quenching experiments, showed that the quenching became prominently more effective during concentration increased through Stern-Volmer plot. During, Free 2-naphthol emission peak and emission, an excitation peak was observed for bound a2u with 2-naphthol. An emission peak represented a dynamic quenching and it was decreased during increasing concentration of the quencher at 350 nm based on inverse titration; the emission peak of Free 2-naphthol increases while increasing quencher at 350 nm (Fig. 4c) . Hence, the maximum displacement of 2-naphthol was noticed instead of farnesol occupied the a2u binding sites.
Discussion
In molecular docking study, a2u has the largest pocket on a protein that has the most likely active site 25 . It exists inside the protein and occupies an area of 361.7Å 2 and a volume of 461Å 3 . The side chains Val and Tyr account for the hydrophobic nature of this pocket, while the hydroxyl groups from a Ser residue contributes to its hydrophobicity. All the listed amino acids with the corresponding residue number (Table 1 ) and the detailed binding sites of a2u have been depicted (Fig. 1a) .
During the docking process it was observed that the farnesol docked to a2u with the lowest energy. The occurrence of lowest energy within the protein-ligand complex is mainly due to stabilization by maximum hydrogen bonding interactions (Fig. 1b) . Proteinligand interaction calculated by Ligplot program showed interacting residues in the docking process. The recognition and affinity of protein towards the ligand were interpreted based on the atomic distances lesser than 3.04 Å , implying that the interactions between the protein and ligand occur only within the active site pocket. A hydrogen bonding interaction could be observed between the ligand and the hydroxyl group of TYR120 (Fig. 1c) . However, this can only function as a weak hydrogen-bond acceptor and would be able to interact only with the open diol form of the ligand, which is not very physiologically relevant. The b-barrel structure encloses a cup like structure and allows the non-covalent binding of volatile semio chemicals; these properties have given rise to PBP or Pheromone Carrying Proteins (PCPs) 21, 26 . The characterizations of glandular a2u observed in this study are consistent with previous reports on urinary PCPs in male rats and mice acting as pheromone carriers 2, 15 . The location of farnesol within the b-barrel suggests that the b 9 intervening loop may function as an entrance to the ligand-binding site (Fig. 2a) . Further it is important to note that the 2-naphthol interacts with the same binding pocket residue of TYR120 as that of farnesol (Fig. 2b) . A previous report proposed that the loop a/b function as the entrance to the interior of the b-barrel 27 . After generating results from computational analysis, the outcome was extrapolated and confirmed by an in vitro study. The analysis of SDS-PAGE protein profiles also revealed that the rat preputial gland comprised 18.5 kDa band from lane 72-76 th fractions (Fig. 3a) . These results are consistent with the previous reports on the presence of 17 kDa lipocalin protein in male urine of mouse and the X-ray crystal structure form of a2u at 2.5 Å resolution 3 . In the present study, the presence of 18.54 kDa protein was confirmed as a2u with the aid of MALDI-TOF/MS (Fig. 3b) . The spectra represented monoisotopic masses that were pooled together and further analyzed with MASCOT search 28 . The results showed the highest resemblance to a2u (accession number: Q9JJI2), and provide 50% of sequence coverage (Fig. 3c) . The matched and expected mass values of peptides are listed (Table 2 ). Subsequently, the fluorescence titration analysis provided an adequate evidence to understand the binding efficiency of a2u with farnesol and 2-naphthol. By inverse titration, the presence of 2-naphthol with 2 mM, 6 mM and 15 mM was found to increase the concentration of a2u fluorescence on emission at 350 nm. On the other hand, to the presence of a2u at 420 nm on excitation state the 2-naphthol was dissociated, that would represent to originate only from the unbound fluorescent molecules remaining in solution (Fig. 4a) . In contrast to direct titration, the equivalent fluorescence intensity emission of 2-naphthol increased at 360 nm and decreased the level of concentration, as well as dissociated event occurred at 420 nm (Fig. 4b) . Hence, the hypothesis put forward is that the 2-naphthol is displaced from the protein binding site by farnesol.
In order to identify the interaction of 2-naphthol with bound a2u, fluorescence quenching experiments were carried out using potassium iodide as quencher. The fluorescence intensity decreases with an increase the concentration of the quencher. Based on the inverse titration, the fluorescence emission between the quencher and bound a2u with 2-naphthol showed a linear and non-linear plots through Stern-Volmer method (Fig. 4c) . In addition, the maximum emission for the calculated fluorescence spectrum of the bound species is blueshifted and more intense 29 . The dissociation constant of a2u with 2-naphthol was measured as kd 5 0.46 mM. Hence, we presume through the docking study that 2-naphthol interact same binding pocket as that of farnesol. It may be postulated that the farnesol might possess the same kd as that of 2-naphthol. This is the first report in reference to the target of farnesol and 2-naphthol is interacting on the same binding pockets of a2u. Since, the farnesol has a good binding efficiency with a2u. It can be considered as an ideal candidate in the development of a pheromone trap or biotrap for the rodent pest management program. Finally, we found trends in the level of clustering and predicted binding energies that are able to distinguish natural volatile ligands from non-binding molecules. This approach would be useful to design ligand based engineered protein active sites that can be created and in designing the biotrap based on pheromone compounds for rodent pest control programs.
Methods
Molecular structure and optimization. The 3D structure of a2u B chain (PDB code: 2a2u) was obtained from the RCSB-PDB (http://www.rcsb.org/pdb). The crystal structure of the protein deposited in the PDB was recorded at a resolution of 2.5 Å . The chemical compound farnesol has been detected in the preputial gland of the Indian common house rat by gas chromatography coupled to mass spectrometry. The 2D structure of the farnesol was obtained from the Pubchem compound module (http://pubchem.ncbi.nlm.nih.gov/) and the compound id (CID) are 1549109 (farnesol) and 8663 (2-naphthol). The AMBER force field and Gasteiger charges were assigned and fixed successfully for farnesol using VEGA ZZ software 30 . The 2D structure of the compound was then converted into the corresponding 3D coordinates using the Babel server (http://openbabel.sf.net).
Molecular docking study. The active site of a2u was analyzed using the CASTp program to identify and characterize the surface accessible pockets of the protein. The pockets were characterized by two parameters, namely the solvent accessible surface (SA, Richards' surface) and the molecular surface (MS, Connolly's surface) 31 . The AutoDock4 program used to calculate the interaction between the farnesol and a2u using the lamarckian genetic algorithm (LGA). The purpose to calculate the possible conformations for farnesol and 2-naphthol as it binds to the protein 32 . During docking analysis, a maximum of ten best conformers with lowest binding energy were considered for farnesol. All calculations were performed on an SGI FUEL workstation. The resulting structural files were visualized and analyzed using Pymol software and the LIGPLOT 4.2.2 program.
Experimental animals. Male house rats (Rattus rattus) were collected from the nearby village of Bharathidasan University and were acclimatized to laboratory condition for 2 weeks prior to experiments. They were housed in a cage, in the laboratory, reared on pelleted food (Sai Durag Ltd, Bangalore) and water ad libitum. Male and female rats were housed separately in poly propylene cages (40 3 25 3 15 cm) with 2 cm of rice husk lining the bottom as bedding material. The bedding material was changed once in 3 or 4 days to maintain the hygienic condition of the animals. All animals were maintained in L & D cycle (12512) throughout the experimental period. The procedures were strictly adhered to following the guidelines for animal care by Institutional Animal Ethics Committee (IAEC), India.
Preparation of preputial gland extract. The sexually matured and reproductively active normal male house rats (Rattus rattus) were used for the collection of samples and animals were sacrificed through cervical dislocation and preputial glands were collected. The glands were then homogenized with the PBS (pH 7.2) and centrifuged at 4uC for 15 min at 10,000 rpm. After centrifugation, the clear supernatant was collected and separated by size exclusion chromatography.
Protein purification by size exclusion chromatography. The a2u was identified and purified from preputial gland of Rattus rattus. Protein purified by Sephadex G-50 (gel-filtration chromatography). The column (length: 28 cm; i.d.: 0.7) was packed with Sephadex G-50, and equilibrated with 10 mM phosphate buffer (pH 7.8). After the equilibration, the concentrated glandular homogenates were poured onto the top of the column in a single motion and eluted with the same buffer at a flow rate of 0.5 mL/h. The fractions were analyzed for optical absorbance at 280 nm with a UVvisible spectrophotometer and the purity was checked once again by 12% SDS-PAGE.
SDS-PAGE.
The 12% of SDS-PAGE carried out using a slightly modified protocol 33 with 30 mL of protein in each fraction; 4 mL of medium range molecular weight marker (Bangalore Genie cat. No. PMW-M) was used for the molecular weight reference. The entire electrophoresis was carried out at a constant voltage (50 V) and at room temperature for 4 hours and bands was detected by Coomassie brilliant blue stain.
Mass spectrometry analysis. a2u was prepared by the tryptic in-gel digestion and MALDI-TOF/MS methods according to Muthukumar et al.
34
. The collected mass spectra were processed with FLEX analysis software; the monoisotopic peptide masses were assigned and used in the database search. The protein identification was accomplished utilizing the MASCOT search (http//www.matrixscience.com). Scores . 65 were considered to be significant (p , 0.05) in the MASCOT search.
Fluorescence study with titrations. For fluorescence study, 2-naphthol was used without further purification methods and chemical obtained from Sigma (St. Louis, MO, USA). The a2u protein was purified by chromatography method 15 and the determination of concentration was calculated through spectrophotometrically using the molar extinction coefficient J 276 5 11450 cm 21 M 21 at 276 nm 24 . The following concentrations of purified protein (24 mM), and 2-naphthol (1 mM stock) was prepared in ice-cold 100% ethanol and they were stored in the dark at 4uC, and the final concentration of 25 mM diluted for each experiment. The pH 7.2 for 10 mM Tris and room temperature maintained in all experiments. Fluorescence measurements were carried out on an FP-6500 spectrofluorimeter (JASCO, Japan) equipped with a thermostat bath and 1.0 cm quartz cells, using 5 nm/5 nm slit widths. All pH values were measured by a pH-3c digital pH-meter (Shanghai Lei Ci Device Works, Shanghai, China) with a combined glass-calomel electrode. We used 25 mM 2-naphthol, and 24 mM a2u in a cuvette and then consecutively diluted by adding aliquots of a 25 mM of 2-naphthol for the inverse titration. Instead of 2-naphthol, buffer was prepared as a blank and added 3 ml of 24 mM a2u solution in a cuvette and aliquots of 1 mM 2-naphthol stock solution was added in the direct titration.
Fluorescence quenching experiment. Our previous study shows the bound form of farnesol with purified a2u, therefore, we were interested to explore the binding efficiency of farnesol with a2u. Fluorescence quenching analysis was applied using 2 M stock solution of potassium iodide (KI). The KI acts as a quencher and the fresh solution were prepared for the experiment.
